Significance StatementThe distal tip of the human and mouse digit is capable of endogenous regeneration after amputation and the identification of critical components of this response has led to treatments that expand the regenerative capabilities of nonregenerative amputation wounds. These studies begin to identify the regenerative potential of cells involved in nonregenerative healing, and how targeted treatment can lead to an organized multi‐tissue regeneration response. This study proposes that expanding the understanding of regenerative potential can lead to a future in which Regenerative Medicine‐based‐therapies target the promotion of regeneration, rather than the current strategy of simply replacing damaged structures.

Introduction {#sct312281-sec-0002}
============

In thinking about regeneration, it is important to delineate Regeneration Biology from Regenerative Medicine. Regeneration Biology focuses on endogenous regenerative abilities which includes homeostatic turnover of tissues (Physiological Regeneration) as well as the response to injury regardless of whether repair is partial or complete (Reparative Regeneration). In reparative regeneration, the capacity to regenerate (Regenerative Ability) is an endogenous tissue or organ specific characteristic and a mechanistic understanding of the regeneration processes is proposed to impact nonregenerative responses. This proposal is justified because regenerative ability is an ancient characteristic that is robust in primitive organisms but limited among animals that have evolved more recently, such as mammals [1](#sct312281-bib-0001){ref-type="ref"}. This general phylogenetic relationship indicates that the inability to regenerate (Regenerative Failure) evolved from a regenerative precondition; regenerative failure results from a disruption of an endogenous regeneration process. Thus, cells involved in an injury response are inhibited from following a regeneration path, and since it is well established that the regeneration process involves a complex series of steps [2](#sct312281-bib-0002){ref-type="ref"}, much like embryonic development, a detailed understanding of the regeneration process can lead to the identification of strategies to stimulate regeneration at sites where regenerative failure is the norm. A number of recent studies have now demonstrated that regeneration can be stimulated in rodent models [3](#sct312281-bib-0003){ref-type="ref"}, [4](#sct312281-bib-0004){ref-type="ref"}, [5](#sct312281-bib-0005){ref-type="ref"}, [6](#sct312281-bib-0006){ref-type="ref"}, [7](#sct312281-bib-0007){ref-type="ref"}, [8](#sct312281-bib-0008){ref-type="ref"}, [9](#sct312281-bib-0009){ref-type="ref"}, [10](#sct312281-bib-0010){ref-type="ref"}, [11](#sct312281-bib-0011){ref-type="ref"} and one general conclusion is that regenerative failure is linked to the microenvironment of the healing wound and not to an inability of cells to respond in a pro‐regenerative manner. Thus, cells involved in a nonregenerative injury evince a Regenerative Potential that underlies dormant pro‐regenerative pathways not activated during an injury response. These findings identify an interface in which regeneration biology can play a key role in the field of Regenerative Medicine.

Regenerative Medicine is a relatively new field dedicated to engineering solutions for Regenerative Failure in humans. Broadly speaking, the field encompasses all parts of the human body but uses two specific strategies: manipulation of stem cells (e.g., MSCs, iPSCs, etc.) and the engineering of extracellular templates (e.g., synthetic scaffolds, decellularized organs, etc.). These approaches have had an enormous impact on translational medicine, although not all positive. For example, clinical use of engineered trachea has been far from successful [12](#sct312281-bib-0012){ref-type="ref"}, and while stem cell based therapies are currently in clinical trials for various diseases (e.g., spinal cord injury, myocardial infarction, age‐related macular degeneration [13](#sct312281-bib-0013){ref-type="ref"}), it is acknowledged that scientific evidence supporting the efficacy of these therapies is lacking [14](#sct312281-bib-0014){ref-type="ref"}, [15](#sct312281-bib-0015){ref-type="ref"}. On the other hand, regenerative scaffolds have demonstrated clinical success. For instance, peripheral nerve allografts (Axogen, Avance Nerve Graft), and natural (Integra, NeuraGen), and synthetic (Polyganics, Neurolac) polymer‐based devices have been shown to promote peripheral nerve regeneration across injury gaps ranging from 20 mm to 3 cm [16](#sct312281-bib-0016){ref-type="ref"}, [17](#sct312281-bib-0017){ref-type="ref"}, [18](#sct312281-bib-0018){ref-type="ref"}, [19](#sct312281-bib-0019){ref-type="ref"}. Moreover, there are a spectrum of regenerative scaffolds used clinically for aiding skin regeneration after mechanical trauma, severe burns, and aging, with current therapies in wide use [20](#sct312281-bib-0020){ref-type="ref"}. The field of Regenerative Medicine is beginning to recognize that endogenous regenerative ability plays an important role in the therapeutic outcome [21](#sct312281-bib-0021){ref-type="ref"}, although an understanding of regenerative ability as well as regenerative potential is severely lacking.

The regeneration of the fingertip represents a clear example of human regenerative ability, and this contrasts the regenerative failure of amputations proximal to the fingertip. Fingertip regeneration was first reported in a case involving amputation of an infected adult fingertip treated with repeated dressing changes that resulted in a regenerative outcome documented by x‐ray imaging over the next 3 months [22](#sct312281-bib-0022){ref-type="ref"}. Fingertip regeneration following conservative treatment of amputations in children has also been documented in the clinical literature [23](#sct312281-bib-0023){ref-type="ref"}, [24](#sct312281-bib-0024){ref-type="ref"}. While the question of whether to treat fingertip amputations that present with exposed bone in a conservative manner remains controversial [25](#sct312281-bib-0025){ref-type="ref"}, there is clear evidence from regenerative models that closure of the amputation wound with mature skin is inhibitory for a regeneration response [26](#sct312281-bib-0026){ref-type="ref"}. Thus, in some ways, current clinical practices are contraindicated for a successful regenerative response.

The clinical literature demonstrates that the human fingertip has regenerative ability; however, it does not bring us closer to understanding the processes underlying this phenomenon. The importance of a mechanistic understanding of regeneration allows for targeted intervention to improve the response (e.g., a reduction in patient variability), and to begin to explore ways to stimulate regeneration where it does not normally occur. The mouse digit responds to amputation in a manner that parallels humans [27](#sct312281-bib-0027){ref-type="ref"} and has become a premiere testing ground for studying regenerative ability as well as regenerative potential [28](#sct312281-bib-0028){ref-type="ref"}, [29](#sct312281-bib-0029){ref-type="ref"}, [30](#sct312281-bib-0030){ref-type="ref"}. In the remainder of this article, we will discuss what is currently known about the regenerative ability of the digit tip, and how we can exploit the regenerative potential of nonregenerative amputations of the digit and limb.

Part I: Endogenous Regeneration of the Mouse Digit Tip {#sct312281-sec-0003}
======================================================

The distal tip of the terminal phalanx (P3), the last bone in the mouse digit, regenerates after amputation (Fig. [1](#sct312281-fig-0001){ref-type="fig"}). Distal amputation removes 15%--20% of the P3 bone, but does not damage the bone marrow, fat pad, or proximal nail matrix. Digit tip regeneration is a complex process both resembling and differing from digit development, and occurs through sequential phases that include inflammation, histolysis, epidermal closure, blastema formation, and differentiation to restore amputated structures [31](#sct312281-bib-0031){ref-type="ref"}, [32](#sct312281-bib-0032){ref-type="ref"}. What distinguishes digit tip regeneration from other tissue‐specific regenerative responses, such as fracture repair and skeletal muscle injury, is that it is mediated by the formation of a blastema. The blastema, best characterized in salamander limb regeneration [2](#sct312281-bib-0002){ref-type="ref"}, is a transient structure comprised of proliferative undifferentiated cells that undergo pattern formation, morphogenesis, and differentiation to regenerate structures lost by amputation [33](#sct312281-bib-0033){ref-type="ref"}, [34](#sct312281-bib-0034){ref-type="ref"}. The mouse digit tip blastema is remarkably similar to the blastema formed in response to axolotl limb and zebrafish fin amputation, reviewed nicely in [35](#sct312281-bib-0035){ref-type="ref"}, [36](#sct312281-bib-0036){ref-type="ref"}. Blastema mediated regeneration is defined as an epimorphic response, and is considered a rare event in mammals including, in addition to digit tip regeneration, the regeneration of ear hole punch wounds in rabbits and some rodents and the annual regeneration of antlers in deer [37](#sct312281-bib-0037){ref-type="ref"}.

![Digit tip regeneration. Unamputated: The mouse terminal phalanx (P3), is a triangular shaped cortical bone; wide at its base where it articulates with the second phalanx (P2; not pictured), gradually narrowing until it terminates as a pointed tip. Vasculature and nerves enter the P3 bone marrow via foramen referred to as os holes (shown as circles) located on either side of the ventral base of P3. The nail organ surrounds the entire digit except for the ventral surface where the ventral epidermis is an extension of the digital fat pad. Nerves and blood vessels are localized throughout the connective tissue located between the P3 bone and surrounding epidermis. 0 DPA: A scab forms in response to distal P3 amputation. Distal amputation removes 15%--20% of the P3 bone volume, but does not damage the bone marrow, fat pad, or proximal nail matrix (not shown). 7 DPA: Macrophages and other cells of the innate immune response (not shown) are scattered throughout the connective tissue and P3 bone marrow. Concurrently, large, multinucleated osteoclasts degrade the periosteal and endosteal surfaces of the P3 bone. Osteoclast activity erodes the P3 bone into two segments, thus exposing the P3 bone marrow. The remaining proximal bone stump will be reincorporated into the regenerated digit tip. 10 DPA: Epidermal migration proximal to the eroded bone functions to close the wound and eject the eroded bone. Wound closure is associated with subjacent blastema formation and the culmination of histolysis. The blastema is avascular, but is innervated. 14 DPA: Intramembranous bone redifferentiation and associated revascularization occurs proximal to distal within the wound environment. As new tissues are regenerated proximally, the distal blastema shrinks in size. 28 DPA: Digit regeneration is complete by 28 DPA, resulting in woven bone cosmetically larger than the unamputated digit. The regenerated digit tip is innervated, vascularized, and restores preamputation length. Distal is to the right. Abbreviation: DPA, days post amputation.](SCT3-7-262-g001){#sct312281-fig-0001}

Inflammation {#sct312281-sec-0004}
------------

In response to digit tip amputation, a scab forms over injured tissues. At 3 days post amputation (DPA), F4/80+ macrophages and Ly6B.2+ neutrophils infiltrate the tissues adjacent to the amputation injury [38](#sct312281-bib-0038){ref-type="ref"}. Macrophage and neutrophil levels peak at 7 DPA, but are found in spatially distinct regions of the digit tip. Macrophages accumulate along the endosteum of the P3 bone and proximal dermis associated with the nail matrix while neutrophils localize to the P3 bone marrow and connective tissue surrounding the P3 bone [38](#sct312281-bib-0038){ref-type="ref"}. When the blastema forms at 10 DPA, neutrophils but not macrophages, are found throughout the blastema [38](#sct312281-bib-0038){ref-type="ref"}. From 14--21 DPA, macrophage and neutrophils return to preamputation levels.

Macrophages can be both permissive and inhibitory to regeneration. For instance, mice deficient in macrophages are capable of scar free wound healing suggesting that macrophages inhibit the regenerative response [39](#sct312281-bib-0039){ref-type="ref"}. However, macrophage depletion inhibits regeneration of the digit tip [38](#sct312281-bib-0038){ref-type="ref"} as it does for the regeneration of zebrafish tail fins, axolotl limbs, and ear holes of the spiny mouse [40](#sct312281-bib-0040){ref-type="ref"}, [41](#sct312281-bib-0041){ref-type="ref"}, [42](#sct312281-bib-0042){ref-type="ref"}. During digit tip regeneration, macrophage depletion modifies early events in the regeneration process, including an inhibition of histolysis and wound closure, and this results in a failure of the blastema to form [38](#sct312281-bib-0038){ref-type="ref"}. The result indicates that macrophage recruitment during early wound healing stages is required to set the stage for blastema formation and the regeneration of the digit tip.

Histolysis {#sct312281-sec-0005}
----------

Histolysis is the second stage of digit tip regeneration and overlaps with the inflammatory stage. Histolysis is the enzymatic degradation of extracellular matrix resulting in the loss of organized tissues [43](#sct312281-bib-0043){ref-type="ref"}. While the histolytic response occurs in all tissues of the amputation wound, the best characterized response is the degradative response of bone because it can be monitored in vivo by microcomputed tomography imaging. At 5 DPA, large, multinucleated osteoclasts can be seen scattered across the P3 bone and it is thought that these osteoclasts arise from the fusion of monocytes recruited during inflammation. Osteoclast number peaks at 7 DPA, but are rapidly depleted by 10 DPA. During this 5‐day period, osteoclasts lining the endosteum and periosteum degrade through the P3 bone creating a secondary amputation and effectively splitting it into proximal and distal halves. The distal P3 bone is not reincorporated into the regenerate. Rather, the dorsal and ventral epidermis migrate to close the wound proximal to the distal P3 stump bone, effectively ejecting it along with the wound scab from the digit [31](#sct312281-bib-0031){ref-type="ref"}. The role that osteoclast‐driven bone degradation plays in regeneration is significant: initially 20% of the P3 bone volume is amputated; however, the histolytic response results in the additional degradation of 2.5 times more stump bone. It should be noted that 70% amputation of the digit identifies a nonregenerative proximal amputation [44](#sct312281-bib-0044){ref-type="ref"}, [45](#sct312281-bib-0045){ref-type="ref"}, suggesting that the histolytic phase is acting in a pro‐regenerative manner.

Why histolysis occurs remains in question, but there is precedence for it in other organisms such as the axolotl and the mammalian peripheral nerve [46](#sct312281-bib-0046){ref-type="ref"}, [47](#sct312281-bib-0047){ref-type="ref"}. There are a few things that we do know which helps to unravel this mystery. First, specifically inhibiting osteoclasts impairs the regeneration response, although it is not inhibited [32](#sct312281-bib-0032){ref-type="ref"}, [38](#sct312281-bib-0038){ref-type="ref"}. Second, osteoclasts and histolysis are regulated in part by dynamically changing oxygen tensions and the blastema itself is known to be transiently avascular and hypoxic [5](#sct312281-bib-0005){ref-type="ref"}, [48](#sct312281-bib-0048){ref-type="ref"}. Hyperbaric oxygen treatment to decrease hypoxia during the regeneration response extends the period of osteoclast activity and increases the amount of P3 bone degraded [48](#sct312281-bib-0048){ref-type="ref"}, [49](#sct312281-bib-0049){ref-type="ref"}. Conversely, facilitating wound closure with a Dermabond wound dressing enhances hypoxia, reduces osteoclast numbers, and decreases bone degradation [32](#sct312281-bib-0032){ref-type="ref"}. Third, blastema size positively correlates with the amount of histolysis; increased histolysis generates larger blastemas while decreasing histolysis creates smaller blastemas [32](#sct312281-bib-0032){ref-type="ref"}. These data support the hypothesis that tissue histolysis releases cells and factors embedded in mature tissues, contributing to a pro‐regenerative wound environment [50](#sct312281-bib-0050){ref-type="ref"}.

Wound Closure {#sct312281-sec-0006}
-------------

Rapid wound re‐epithelization is a characteristic common to many regeneration models [47](#sct312281-bib-0047){ref-type="ref"}; however, in the digit tip response, wound closure correlates with the end of histolysis and is significantly delayed [31](#sct312281-bib-0031){ref-type="ref"}, [32](#sct312281-bib-0032){ref-type="ref"}. After amputation the injured epidermis does not migrate across the exposed P3 bone, but instead the epidermis retracts and establishes connections with the periosteum of the P3 bone stump, effectively sealing the amputation wound during the inflammation and histolytic phases. After bone degradation, epidermal migration through the region of degraded bone completes wound closure and forms a wound epithelium (WE) that caps the regenerating stump [31](#sct312281-bib-0031){ref-type="ref"}. The WE is a transient structure that is required for blastema formation and acts as a signaling center for mesenchymal blastema cells [8](#sct312281-bib-0008){ref-type="ref"}. Inhibiting WE formation or replacing it with mature skin inhibits regeneration in amphibians as well as mammals, including humans [24](#sct312281-bib-0024){ref-type="ref"}, [38](#sct312281-bib-0038){ref-type="ref"}, [51](#sct312281-bib-0051){ref-type="ref"}. In digit tip regeneration, the WE is a source for stromal cell‐derived factor 1 (SDF‐1), a known chemoattractant for blastema cells [9](#sct312281-bib-0009){ref-type="ref"}, and the WE is required for blastema formation [38](#sct312281-bib-0038){ref-type="ref"}. Additional studies are needed before we can fully appreciate the role that the WE plays in regulating the regeneration response, and given current clinical practices for the treatment of amputation wounds, it is an obvious and clinically relevant area of research to pursue.

Blastema {#sct312281-sec-0007}
--------

The completion of wound closure appears to function as a transitional switch that signals the end of the histolytic phase and the initiation of the blastema phase. The blastema is a transient aggregation of undifferentiated cells that forms between the proximal P3 bone stump and the distal WE. The mouse digit blastema is characterized as avascular, hypoxic, and highly proliferative [5](#sct312281-bib-0005){ref-type="ref"}, [31](#sct312281-bib-0031){ref-type="ref"}, [48](#sct312281-bib-0048){ref-type="ref"}. The cells of the blastema are heterogeneous and derived from multiple tissue sources, including the epidermis, bone, vasculature, and loose connective tissues [31](#sct312281-bib-0031){ref-type="ref"}, [52](#sct312281-bib-0052){ref-type="ref"}, [53](#sct312281-bib-0053){ref-type="ref"}. To date, studies show that blastema cells are lineage restricted [52](#sct312281-bib-0052){ref-type="ref"}, [53](#sct312281-bib-0053){ref-type="ref"}, that is, their fate during regeneration does not deviate from their tissue of origin; however, cell types known to be multipotent in other injury repair models [54](#sct312281-bib-0054){ref-type="ref"} have yet to be studied. As mentioned above, the recruitment of blastema cells is mediated through the SDF‐1 signaling pathway, and many blastema cells express CXCR4 and CXCR7, known receptors for SDF‐1 [9](#sct312281-bib-0009){ref-type="ref"}. As cells migrate to form the blastema, they organize themselves by producing an extracellular matrix (ECM) rich in Collagen III (Col3) and, as newly regenerated structures differentiate, the blastema ECM is degraded and replaced [55](#sct312281-bib-0055){ref-type="ref"}.

A hallmark characteristic of the blastema is its immense proliferative ability. Several signaling pathways have been shown to be critical to maintaining proliferation. Bone morphogenetic proteins (BMPs) have long been identified as potent proliferative molecules and a requirement for digit tip regeneration [4](#sct312281-bib-0004){ref-type="ref"}, [56](#sct312281-bib-0056){ref-type="ref"}. This is best demonstrated in loss‐of‐function studies in which amputated digits treated with noggin, a BMP‐inhibitor, do not regenerate [4](#sct312281-bib-0004){ref-type="ref"}. Paracrine signaling from surrounding tissues also influences blastema proliferation. Wnt signaling in the proximal nail bed enhances blastema proliferation by regulating FGF secretion from digital nerves [8](#sct312281-bib-0008){ref-type="ref"}. Evidence for mitogenic paracrine signaling from nerves is supported by denervation experiments that also reduce blastema proliferation. Recently, it has been suggested that mitogenic neurotrophic factors are not secreted from the axons, but by Schwann cells [10](#sct312281-bib-0010){ref-type="ref"}. Blastema signaling networks are highly regulated and exogenous growth factors that increase proliferation do not always enhance regeneration. For instance, the blastema is avascular and correlates with downregulation of pro‐angiogenic (*Vegfa)* and upregulation of anti‐angiogenic (*Pedf*) activity. Inducing precocious angiogenesis with exogenous VEGFA (or BMP9 which induces *Vegfa* expression) inhibits digit tip regeneration but can be rescued if digits are subsequently treated with PEDF [5](#sct312281-bib-0005){ref-type="ref"}.

Differentiation {#sct312281-sec-0008}
---------------

The differentiation phase of regeneration is highly coordinated and progresses in a temporal sequence that initiates proximally and progresses to the distal tip. In this way, the differentiation of newly regenerated bone is graded, first building on the stump bone and progressively adding new bone as the digit tip elongates. The differentiation of regenerated bone from the blastema is rapid and new bone forms by direct ossification that involves the deposition of osteoid in a pericellular manner to form woven bone [57](#sct312281-bib-0057){ref-type="ref"}. In development, the digit tip is initially formed by endochondral ossification and its maturation involves an extended period of postnatal elongation involving a proximal growth plate and distal appositional ossification to form cortical bone [58](#sct312281-bib-0058){ref-type="ref"}. Thus, the regeneration response does not involve a slow and deliberate reiteration of digit formation, but instead adapted an alternative osteogenic mechanism to effect a similar outcome over a shorter time frame. While regenerated woven bone is highly porous and considered weaker than the original cortical bone, the regenerated P3 element is 50% larger than the original digit tip while maintaining a constant length [31](#sct312281-bib-0031){ref-type="ref"}. We suspect that this overshoot in regenerated bone volume evolved as a way to replace bone function with an inherently weaker structure. With time, regenerated bone increases in density but maintains a histologically distinct microarchitecture [31](#sct312281-bib-0031){ref-type="ref"}.

Expanding Regenerative Potential Based on Our Current Understanding of Regenerative Ability {#sct312281-sec-0009}
-------------------------------------------------------------------------------------------

So what lessons can we learn from the digit tip\'s innate Regenerative Ability? First, studying digit tip regeneration has identified cells, factors, and signaling pathways that are necessary for regeneration. All of these represent potential targets to remedy a failed regenerative response, and their deficiency in a nonregenerative wound environment would prompt the development of a pro‐regeneration strategy. Second, regeneration involves the recruitment and proliferation of stem/progenitor cells derived from local tissues that maintain spatial information required for an appropriate regeneration response. Stem‐cell based therapies which have pro‐regenerative effects without the direct integration of stem cells into injured tissue are likely functioning by activating the regenerative potential of local cell sources [21](#sct312281-bib-0021){ref-type="ref"} in a manner that parallels endogenous regenerative ability. Third, regeneration is a dynamic process involving stepwise phases of overlapping and interdependent events, thus it is clear that manipulating one stage will likely affect later stages (Fig. [1](#sct312281-fig-0001){ref-type="fig"}). Therefore, in designing therapies, it is critical to consider how early treatments will alter later regeneration stages. Finally, the scaffold produced by regenerating cells is transiently modified during blastema formation, then remodeled to re‐establish the original scaffold [55](#sct312281-bib-0055){ref-type="ref"}. Such dynamic processing of the regenerative scaffold is inconsistent with strategies for engineered scaffold designs that are based on the architecture of the target structure. In the next section, we discuss digit and limb injuries that do not regenerate, and strategies for exploring their regenerative potential based on an understanding of regenerative ability.

Part II: Wound Repair and Induced Digit Regeneration {#sct312281-sec-0010}
====================================================

In mice, a strategy for enhancing regeneration of nonregenerative injuries was first established by studies showing that BMP signaling was required for P3 regeneration and that regeneration could be restored or stimulated by treatment to activate the BMP signaling pathway [4](#sct312281-bib-0004){ref-type="ref"}, [56](#sct312281-bib-0056){ref-type="ref"}. Similar loss of function and gain of function studies have also identified the nail organ/WNT signaling [8](#sct312281-bib-0008){ref-type="ref"}, [59](#sct312281-bib-0059){ref-type="ref"}, and Schwann cells/PDGF/Oncostatin M signaling [10](#sct312281-bib-0010){ref-type="ref"} as essential for digit tip regeneration. Alternatively, angiogenesis during wound healing has been shown to be inhibitory for regeneration and the anti‐angiogenic factor PEDF counteracts this inhibition [5](#sct312281-bib-0005){ref-type="ref"}.

Induced Regeneration {#sct312281-sec-0011}
--------------------

A conceptually similar but significantly more challenging approach is to focus on a proximal amputation injury that is nonregenerative at all stages of development. It is generally recognized that developing or immature tissues display an enhanced level of regenerative ability when compared to adults. In humans, full thickness skin wounds undergo a defective healing response resulting in scar formation, whereas fetal skin wounds do not form scars but regenerate perfect replacement skin [60](#sct312281-bib-0060){ref-type="ref"}. Modulation of the transforming growth factor (TGF‐β) repertoire in adults to mimic that of fetal skin wounds results in scar free skin regeneration and thus indicates latent regenerative potential of adult skin that can be extrinsically activated [60](#sct312281-bib-0060){ref-type="ref"}. The embryonic chick limb is another example of regenerative potential; amputated early stage chick limbs fail to regenerate, yet targeted application of Fibroblast Growth Factors stimulates reprograming of local mesodermal cells and subsequent induced limb regeneration [61](#sct312281-bib-0061){ref-type="ref"}, [62](#sct312281-bib-0062){ref-type="ref"}, [63](#sct312281-bib-0063){ref-type="ref"}. These examples identify developing or immature tissues as possessing dormant regenerative potential that can be used to characterize defects in the injury response, and to identify agents that can stimulate regeneration.

Amputation of the nonregenerative neonatal mouse digit/limb has been used to demonstrate and characterize BMP induced regeneration [3](#sct312281-bib-0003){ref-type="ref"}, [4](#sct312281-bib-0004){ref-type="ref"}, [6](#sct312281-bib-0006){ref-type="ref"}, [11](#sct312281-bib-0011){ref-type="ref"}, [64](#sct312281-bib-0064){ref-type="ref"}. In amputated neonatal digits, BMP2 targeted treatment stimulates skeletal elongation by inducing the formation of a distal endochondral ossification center (EOC) at the amputation wound that functions as a morphogenetic center to organize the regeneration of new bone onto the stump [64](#sct312281-bib-0064){ref-type="ref"}. Targeted BMP treatment involves loading BMP onto a vehicle that is engrafted into the amputation wound after wound closure. This allows for transient release of BMP over a 2‐ to 3‐day period, and during that time the EOC is established. The actual regeneration of new bone is mediated by the EOC and is independent of additional BMP treatment. An important aspect of these studies is that the skeletal structure induced to regenerate is dictated by the amputation level and not by the BMP treatment itself, thus BMP is functioning as a morphogenetic agent to establish the EOC and not as a morphogen to dictate the structure that regenerates. These findings suggest the cells at differing amputation levels are regeneration responsive and retain a positional memory that can be triggered to determine the appropriate structure of the regenerate [64](#sct312281-bib-0064){ref-type="ref"}. This conclusion is supported by a number of different studies showing BMP induced regeneration is specific to distinct amputation levels in mice [3](#sct312281-bib-0003){ref-type="ref"}, [4](#sct312281-bib-0004){ref-type="ref"}, [6](#sct312281-bib-0006){ref-type="ref"}, [11](#sct312281-bib-0011){ref-type="ref"}, [64](#sct312281-bib-0064){ref-type="ref"}. Notably, in vitro studies using fibroblasts isolated from P3 (regeneration‐competent) or P2 (regeneration‐incompetent), digit regions suggest that these cells retain positional characteristics, but that positional memory alone does not limit or induce a regeneration response [65](#sct312281-bib-0065){ref-type="ref"}.

Regenerative Failure and Induced Regeneration in Adults {#sct312281-sec-0012}
-------------------------------------------------------

Amputation of the mouse digit at the level of the P2 bone has emerged as a standardized system to investigate regenerative failure [7](#sct312281-bib-0007){ref-type="ref"}, [11](#sct312281-bib-0011){ref-type="ref"}, [50](#sct312281-bib-0050){ref-type="ref"}, [64](#sct312281-bib-0064){ref-type="ref"}, [66](#sct312281-bib-0066){ref-type="ref"}, [67](#sct312281-bib-0067){ref-type="ref"}, [68](#sct312281-bib-0068){ref-type="ref"}, [69](#sct312281-bib-0069){ref-type="ref"}, [70](#sct312281-bib-0070){ref-type="ref"}, [71](#sct312281-bib-0071){ref-type="ref"}, [72](#sct312281-bib-0072){ref-type="ref"}, [73](#sct312281-bib-0073){ref-type="ref"}. P2 amputation removes all distal elements and traverses multiple tissue types, including the P2 diaphysis, bone marrow, dorsal elastic claw ligament, digital flexor tendon, and skin [74](#sct312281-bib-0074){ref-type="ref"}, and ultimately results in skeletal truncation covered by a fibrotic scar [50](#sct312281-bib-0050){ref-type="ref"}. While the outcome of amputation is skeletal truncation, the injury response is quite dynamic and initiates a skeletal repair response analogous to the proximal bone segment of long bone fracture repair [50](#sct312281-bib-0050){ref-type="ref"}. The well‐characterized cellular events of fracture repair are delineated into several stages, including inflammation, cartilaginous callus formation, boney callus formation, and eventual remodeling of the boney callus into a structure that resembles the preinjury bone [75](#sct312281-bib-0075){ref-type="ref"}, [76](#sct312281-bib-0076){ref-type="ref"}, [77](#sct312281-bib-0077){ref-type="ref"}, [78](#sct312281-bib-0078){ref-type="ref"}, [79](#sct312281-bib-0079){ref-type="ref"}. Likewise, P2 amputation initiates an inflammatory response that is followed by proliferation of local periosteal cells that differentiate into chondrocytes that form a cartilaginous callus external to the bone surface, that is, the peripheral callus. Vascular invasion and osteoblast recruitment reorganize the cartilaginous peripheral callus into a woven boney callus, and this is followed by remodeling of the boney callus into a lamellar structure that largely resembles the original bone stump [50](#sct312281-bib-0050){ref-type="ref"}. After remodeling, the truncated stump bone appears identical to the amputated P2 element, so there is the impression that the injury response is largely inert. However, the response is dynamic and consistent with the conclusion that the injury response involves an attempt at regeneration that ultimately fails [50](#sct312281-bib-0050){ref-type="ref"}. Because this injury response is dynamic, it establishes a model to test strategies for enhancing a regenerative response.

The transient formation of the peripheral cartilaginous callus by periosteal cells following amputation identifies a potential cell target for regenerative intervention. Periosteal cells are known to be critical for skeletal regeneration in fracture healing [79](#sct312281-bib-0079){ref-type="ref"}, [80](#sct312281-bib-0080){ref-type="ref"}, and are responsive to BMP2 [81](#sct312281-bib-0081){ref-type="ref"}, [82](#sct312281-bib-0082){ref-type="ref"}, [83](#sct312281-bib-0083){ref-type="ref"}. Targeted BMP2 treatment during the periosteal response was found to induce the formation of a distal cartilaginous callus that paralleled EOC formation in neonatal models [11](#sct312281-bib-0011){ref-type="ref"}, [64](#sct312281-bib-0064){ref-type="ref"}. The distal callus is comprised of proliferating chondrocytes undergoing endochondral ossification and functions as a template for new bone formation, resulting in restoration of amputated skeletal length (Fig. [2](#sct312281-fig-0002){ref-type="fig"}) [11](#sct312281-bib-0011){ref-type="ref"}. These studies provide a proof of concept that targeted intervention of an injury response that fails to regenerate can be effectively induced to undergo a significant regenerative response. These findings also begin to characterize the regenerative potential of nonregenerative amputation injuries and show that latent regenerative ability can be activated by a single factor that is administered in a spatiotemporally targeted manner. Therefore, it is reasonable to conclude that the root cause of regenerative failure following amputation injury is not a lack of regeneration‐responsive cells, but rather a toxic wound environment that precludes a regeneration response.

![Schematic diagram of induced P2 regeneration. **(A)**: The regeneration response following amputation of P3 is used as a regeneration competent model to identify factors required for blastema formation and a regeneration response. Refer to Figure 1 for full description. A number of factors, including BMP2, have been shown to be essential for the P3 regeneration response. **(B)**: Amputation of P2 induces a dynamic wound repair response characterized by periosteal chondrogenic callus formation, followed by callus conversion to woven bone, and ultimately truncation of the bone at the original amputation plane. The wound healing response is likened to an attempt at regeneration that ultimately fails, indicated by the red arrows. BMP2 treatment to target the periosteal chondrogenic callus induces the formation of a distal chondrogenic callus that functions as a template for subsequent bone regeneration to restore the amputated skeletal length. The change in color gradient of the BMP2‐delivery‐vehicle reflects the exhaustion of BMP2. Distal is to the right.](SCT3-7-262-g002){#sct312281-fig-0002}

The Regeneration Window {#sct312281-sec-0013}
-----------------------

In neonatal mice, BMP2 treatment over a 2‐ to 3‐day period is sufficient to initiate a significant regenerative response. The use of a vehicle that effects transient BMP2 release has allowed an investigation into the temporal responsiveness of cells at the amputation wound. Such studies have identified a peak in responsiveness that correlates with the timing of wound closure and identified reduced responses of treatments at earlier and later time points [11](#sct312281-bib-0011){ref-type="ref"}. This illustrates a dynamic of the wound environment with respect to regenerative potential, and identifies a temporally specific Regeneration Window within which BMP2 is effective at activating a regeneration response. As the P2 amputation wound matures it becomes refractory to BMP2; however, we show that simple reinjury of the healed P2 stump reinitiates the injury response and recreates a wound environment that cycles through a BMP2 responsive window, complete with distal callus formation and subsequent skeletal regeneration (Fig. [3](#sct312281-fig-0003){ref-type="fig"}A) [11](#sct312281-bib-0011){ref-type="ref"}. In other words, mature nonregenerative amputation wounds respond to injury in a manner similar to the initial amputation, thus the process of nonregenerative wound healing does not alter the wound\'s regenerative potential. We note the clinical significance of this finding with regard to limb amputations; since BMP2 stimulates segment‐specific bone regeneration of adult limb (Fig. [3](#sct312281-fig-0003){ref-type="fig"}B) [64](#sct312281-bib-0064){ref-type="ref"}, we predict that previously healed amputation wounds in humans can be induced to regenerate.

![BMP2‐induced regeneration. **(A)**: Micro‐computed tomography (MicroCT) three‐dimensional (3D) renderings of BMP2‐treated adult mouse P2 digits. BMP2 treatment during cartilaginous peripheral callus formation, at 9 DPA, induces robust skeletal regeneration, evident by 21 DPI. BMP2‐treatment after the cartilaginous peripheral callus conversion to boney tissue at 24 DPA does not induce skeletal regeneration. Reinjury of previously healed 24 DPA P2 digits stimulates a regeneration permissive environment in which BMP2 functions to induce regeneration. **(B)**: Sequential MicroCT 3D renderings of the BMP2‐induced hind limb regeneration response in adult mice. Amputation plane shown as *arrow*. Hind limbs were treated with BMP2 at 2 WPA. BMP2‐induced regeneration is evident by 3 WPA, shown as the formation of woven bone distal to the amputation plane. By 8 WPA, distal skeletal fusion is shown, indicating the regeneration response is associated with the reestablishment of skeletal patterning. (A, B) Distal is to the bottom. (A) Reprinted from Dawson et al. [11](#sct312281-bib-0011){ref-type="ref"}. (B) Reprinted from Yu et al. [64](#sct312281-bib-0064){ref-type="ref"}. Abbreviations: DPA, days post amputation; DPI, days post implantation; WPA, weeks post amputation.](SCT3-7-262-g003){#sct312281-fig-0003}

In its simplest form, and at a cellular level, the concept of a Regeneration Window can be viewed in the context of the availability of cells expressing appropriate receptors that can be activated by targeted treatment with a regeneration inducing factor. Indeed, targeted genetic or pharmacological knockdown of individual signaling pathways to inhibit the endogenous regeneration response supports this simplistic model [4](#sct312281-bib-0004){ref-type="ref"}, [8](#sct312281-bib-0008){ref-type="ref"}, [56](#sct312281-bib-0056){ref-type="ref"}. However, an alternative way to think about the regeneration window is that multiple cell types that function in a coordinated manner are required to effect a regeneration response. For example, BMP2 induced P2 regeneration in neonates involves the action of BMP2 as a mitogen for cells that become proliferating chondrocytes and establish the EOC [64](#sct312281-bib-0064){ref-type="ref"}. At the same time, BMP2 also induces expression of *Sdf1a* by cells of the wound epidermis and endothelial cells of the wound mesenchyme, and SDF1 functions to recruit CXCR4 expressing cells for the regeneration response [9](#sct312281-bib-0009){ref-type="ref"}. Thus, at a minimum, BMP2 is activating three different cell types to induce skeletal regeneration, and it is likely that all three are needed to induce the response. It is therefore important to recognize that the Regeneration Window identifies a multi‐tissue response that is coordinated by the morphogenetic action of the inducing agent, in this case BMP2. We anticipate that other key morphogenetic agents will be identified that induce regeneration of other complex tissues that lack regenerative ability but possess regenerative potential.

Conclusion {#sct312281-sec-0014}
==========

Endogenous epimorphic regenerative responses in mammals, such as the mouse digit tip and human fingertip, provide models in which all requirements for a successful regeneration response are intrinsically met, for example, angiogenesis, neurogenesis, inflammation, trophic factors, and regeneration‐competent cells. As we come to understand the regeneration response, it follows that the conceptual application of these requirements to regeneration‐incompetent injuries can effectively guide the design of therapeutic strategies for human regeneration. The example of the regeneration‐incompetent middle phalanx (P2) is a case in point. Investigating this amputation injury identified a responsive population of cells and targeted application of BMP2 successfully induced regeneration of the skeletal element. These studies lead to three important conclusions that can be generalized to other injury models. First, regeneration‐competent cells are present at traumatic injury wound sites, but they undergo dynamic changes and are only responsive during a restricted period of the healing process, the Regeneration Window. Second, since BMP2 can stimulate appropriately patterned regeneration responses from different amputation levels, it is acting as a morphogenetic agent to elicit patterned responses and not as a morphogen that instructs patterning. Third, regenerative failure is caused by a toxic wound environment that minimally lacks the signaling profile of a morphogenetic agent necessary to coordinate a multi‐tissue regenerative response. As we tease apart mammalian regeneration we are finding that partial regenerative responses can be stimulated from regeneration‐incompetent injuries, and continued studies are expected to enhance the diversity of responses. To date, the stimulation of partial regenerative responses has not involved the formation of a blastema, thus a long‐term goal will be to solve the puzzle of how to build a blastema, a structure that coordinates pattern formation, morphogenesis, and differentiation of a complete regenerative response.

Author Contributions {#sct312281-sec-0016}
====================

C.P.D. and L.A.D.: conception and design, data analysis and interpretation, manuscript writing; K.M.: conception and design, data analysis and interpretation, final approval of manuscript, financial support, administrative support.

Disclosure of Potential Conflicts of Interest {#sct312281-sec-0017}
=============================================

The authors indicated no potential conflicts of interest.

We would like to thank members of the Muneoka Laboratory for their thoughtful discussions. K. Muneoka is supported by Texas A&M University.

[^1]: Contributed equally.
